This study was undertaken to identify the signaling events involved in activation of neutrophil superoxide anion (0;) production by eosinophil granule major basic protein (MBPI. MBP did not produce an immediate increase in the cytosolic free calcium concentration ([Ca*+Ii), characteristic of phospholipase C activation, but did cause a gradual increase in [Ca"]i in cytochalasin B-treated cells. Preincubation with 0.01 to 3 pg/mL pertussis toxin did not inhibit MBP-stimulated 0; production, and MBP did not stimulate an increase in diradylglycerol levels. MBP did stimulate a low level of phospholipase D activity, as measured by a time-dependent increase in phosphatidic acid and, in the presence of 0.5%
AJOR BASIC PROTEIN (MBP) is a 13.8-kD, arginine-rich polypeptide present in the crystalloid core of eosinophil granules.',' Although eosinophils are a rich source of many inflammatory mediator^,^.^ accumulated evidence indicates that release of MBP is closely associated with eosinophil-induced pathogenesis.$ The pathogenic activity of MBP, as well as that of other eosinophil granule proteins, has been ascribed primarily to the cytotoxicity of the molecule observed with some mammalian cells.435 However, MBP also activates a number of inflammatory cells in a noncytolytic fashion.6"" As such, identification and elucidation of the mechanisms for cell activation by MBP is of potential importance to understanding inflammatory events initiated by eosinophils.
Reactive oxygen intermediates generated by the activation of the respiratory burst (NADPH oxidase) complex are primary effectors of neutrophil-mediated tissue damage." We have previously shown that MBP in low micromolar concentrations stimulates the neutrophil respiratory burst and release of superoxide anion MBP-induced 0; is generated through activation of NADPH oxidase complex, because MBP does not stimulate the respiratory burst in neutrophils of patients with chronic granulomatous disease.'j Eosinophil cationic protein, which, like MBP, is argininerich and exhibits cytotoxic activities,4."," does not stimulate the neutrophil respiratory burst at concentrations optimal for MBP. 6 The presence of increased levels of MBP in the blood of individuals with e~sinophilia'~ and coincident infiltration of eosinophils and neutrophils into tissues15 suggests that activation of the neutrophil respiratory burst by MBP may contribute to eosinophil-associated inflammation.
Activation of NADPH oxidase requires translocation of three cytosolic components ($7, p67, and rac-2) to the plasma membrane, where they associate with two membrane-bound components (gp92 and p22) to form an active NADPH oxidase complex.16 The NADPH oxidase complex is activated by receptor-dependent stimuli such as chemoattractants and by receptor-independent stimuli such as phorbo1 esters and long-chain unsaturated fatty acids." A number of signaling events, including phospholipase C (PLC)-catalyzed formation of inositol trisphosphate (IP,) and diacylglycerol (DAG), attendant mobilization of intracellular Ca' ' and protein kinase C activation, and phospholipase D (PLD)-catalyzed production of phosphatidic acid (PA), are vari- ously involved in activation of the oxidase." Studies using pharmacologic inhibitors have also identified participation of tyrosine kinase activation'8*22 and calmodulin-dependent pathways" in the respiratory burst. In this study, we have evaluated the participation of these signaling events in the activation of neutrophil 0; production by MBP. Given the Ca2+ dependence of both neutrophil and basophil activation by MBFz4 and the pertussis toxin-sensitivity of MBP-stimulated histamine release by basophil^,'^ we postulated that MBP activation might share the PLC-mediated events characteristic of neutrophil activation by chemoattractants such as FMLP. However, the results indicate that the signaling pathway for initiation of neutrophil respiratory burst activity by MBP is distinct from that for FMLP. Interestingly, the results do identify a calmodulin-dependency that is common to respiratory burst activation by MBP and FMLP. Isolarion of MBP. MBP was isolated from eosinophils of patients with hypereosinophilic syndrome, as described elsewhere.2s The MBP was pure, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) after staining with Coomassie brilliant blue R. Reduced-and-alkylated MBP (raMBP) was prepared from native MBP by the sequential addition of a 60-fold molar excess of dithiothreitol and a 120-fold molar excess of iodoacetamide, as described elsewhere.*' Before use in the tyrosine kinase experiments, the raMBP, which was stored in phosphate-buffered saline (PBS), pH 7.4, was dialyzed against saline for 3 hours to reduce the phosphate content of the buffer.
Neutrophil isolation. Neutrophils were isolated from the venous blood of healthy adult volunteers by Ficoll-Hypaque density gradient centrifugation, as described previou~ly.~~ The cells were washed in buffer containing 10 mmol/L HEPES, 137 mmol/L NaCl, 5 mmol/ L KCI, 3 mmol/L NaOH, 0.003% human serum albumin, and 5.4 mmol/L glucose, pH 7.4 (HAG). Cells were suspended in HAG containing 0.6 mmoVL CaCI, and I mmoVL MgC12 (HAGCM).
Measurement of the cytosolic free Ca" concentration ([Cuz']i). Neutrophils were suspended at IO* cells/mL in H-GCM buffer (HAGCM buffer without albumin) and were incubated with 25 pmoVL fura 2/AM for 22 minutes at 37°C in the dark. The cells were diluted IO-fold with H-GCM and were incubated for an additional 30 minutes at room temperature. After washing in HAG, the fura-2-loaded neutrophils (3 X IO' cells) were preincubated for 5 minutes at 37°C in HAGCM in a plastic cuvette containing 5 pg/mL of cytochalasin B in a final volume of 2 mL. In some experiments, reactions were performed in HAG containing 1 mmol/L EGTA, vr cytochalasin B was omitted from the preincubation contents. The cell mixture was preincubated for 5 minutes at 37°C with constant stirring in the chamber of an Aminco Bowman SPF 500 C spectrofluorometer (Spectronic Instruments, Inc, Rochester, NY). After the preincubation, the baseline fluorescence was monitored for 15 seconds using an excitation wavelength of 340 nm and an emission wavelength of 510 nm. Once the baseline fluorescence was established, stimulus was added and the change in fluorescence intensity was monitored for the indicated time at 37°C. The [Ca"]i was calculated as described elsewhere.** Ordinarily, the vehicle buffer for MBP is 25 mmol/L sodium acetate, 0.15 mol/L NaCl, pH 4.3, but, for the [Ca"]i experiments, MBP was dialyzed into 5 mmol/L sodium acetate, 0.15 mol/L NaCI, pH 4.3. The addition of 25 mmoll L sodium acetate buffer alone stimulated a transient increase in [Ca2']i, whereas S rnmol/L sodium acetate buffer alone had no effect on [Ca2+]i.
Measurement of Oz-production. Neutrophils (10" cellslml) were preincubated in HAGCM with or without 5 pg/mL of cytochalasin B for 10 minutes at 37°C. In some experiments, the neutrophils were preincubated in HAG for 10 minutes. Stimulus and 80 pmol/ L ferricytochrome C were added sequentially to the cells, and the reaction mixture was incubated at 37°C for 30 minutes in a final volume of 0.5 mL. The reaction was stopped by centrifugation at 400s for I O minutes at 4"C, and the reduced ferricytochrome C was measured at Ass,, nm after a 1:6 dilution of the supernatants. Nanomoles of 0; were calculated as described previously and reported as nanomoles O~/ l O h cells/30 min.27 MBP-induced 0; production was completely inhibited in the presence of 50 pg/mL of superoxide dismutase.
Pertussis toxin treatment of neutrophils. Neutrophils at 5 X 10' cells/mL in Hanks' Balanced Salt Solution (HBSS) buffer containing I O mmoUL HEPES, 5% heat-inactivated fetal calf serum (FCS), and 5 mmol/L glucose were preincubated with 0 to 3 pg/mL of pertussis toxin for 2 hours at 37°C. The neutrophils were washed three times in cold HAG buffer, and 0 7 production stimulated by 1 pmol/L MBP or 0.1 pmol/L FMLP was determined as described above. Cr release assay. Neutrophils (1.5 X IO7 cells) were incubated for 30 minutes at 37°C with 250 pCi "Cr in a final volume of 0.5 mL RPMI. The cells were washed two times with RPMI buffer containing 100 pg/mL of human serum albumin (HSA) and were allowed to equilibrate in the same buffer for an additional 30 minutes at 37°C. After washing in HAG buffer, neutrophils (10' cells/mL) were incubated with stimulus for 30 minutes at 37°C in a final volume of 0.5 mL HAGCM buffer. The reaction was stopped by centrifugation, and the amount of "Cr in 0.3 mL of the supernatants was measured in a gamma counter. Total counts were determined by lysis of cell aliquots with 0.04% Triton X-100.
Quantitative analysis of diradylglycerol (DRG) levels. Neutrophils (5 X IO' ) in HAGCM buffer were preincubated for 5 minutes at 37°C in the absence (for MBP stimulation) or presence (for FMLP stimulation) of 5 pg/mL cytochalasin B. Stimulus was added, and the cells were incubated for the indicated times in a final volume of 0.8 mL. The reactions were stopped by the addition of 3 mL of chlorofordmethanol (1 :2 vol/vol), and the lipids were extracted by a modification of the method described by Bligh and Dyer.*' Total DRG (a term that includes both diacyl and alkylacyl linkages) mass in the samples was determined enzymatically by conversion of DRG into radiolabeled PA by DAG kinase in the presence of [32P]yATP using the procedure described by Preiss et al," except that a l-hour incubation period was used. The lipids were extracted as described above. For thin-layer chromatography, 1 mL of the chloroform layer was dried under N2 and resuspended in 0.1 mL of 5% methanol in chloroform, and 20 ,LLL of the sample was spotted onto a silica gel plate. The lipids were separated using chlorofordmethanolhcetic acid (65: 15:s vol/vol/vol) as the solvent system. A PA standard was used to identify the migration of PA. The spots were visualized using iodine vapor and by autoradiography. The PA spots were scraped, and the radioactivity was counted in 5 mL of Ultrafluor scintillation fluid (National Diagnostics, Manville, NJ). The counts per minute (cpm) were converted to picomoles of DRG per IO7 neutrophils using the specific activity of the ["PIyATP.
Quantitative analysis of PA and phosphatidylethanol (PEt) levels. Neutrophil phospholipid pools were labeled with ['H] lyso-platelet activating factor using a modification of the procedure described by Bauldry et al.'' Briefly, 22 pCi of 'H lyso-platelet activating factor was dried under Nz and resuspended in PBS buffer containing 2.5 mg/mL bovine serum albumin (PBS-BSA) by thorough bath sonication. Neutrophils (lo* cells in PBS-BSA) were added to the ['H] lyso-platelet activating factor for a final volume of 1.2 mL and were incubated for 45 minutes at 37°C. The neutrophils were washed several times in PBS-BSA and once in HAG buffer. The labeled neutrophils ( lo7 cells/tube) were prewarmed in HAGCM buffer for 5 minutes at 37°C. For FMLP stimulation, 10' neutrophils were preincubated for 5 minutes in the presence of 5 pg/mL cytochalasin B. Ethanol (0.5%) was added to the indicated tubes, and the reactions were initiated by the addition of stimulus. The cells were incubated for the times indicated in the text in a final volume of 0.8 mL. The reactions were terminated by the addition of chloroform/methanol/ acetic acid (100:200:4 vol/vol/vol), and the Iipids were extracted as described above for DRG. For quantifying PA and PEt formation, thin-layer chromatography was performed as described above, except that the solvent was ethyl acetate/isooctane/acetic acid/H20 , 1 pg/mL aprotinin, and 1 pg/mL leupeptin) and were placed on ice for 15 minutes. The mixture was centrifuged at 14,OOOg for 15 minutes at 4"C, and protein content of the supemantants was determined using the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). The samples (19 pg of protein) were separated on a 10% polyacrylamide gel (SDS-PAGE)32 and transferred to ECL hybond nitrocellulose. Nonspecific binding was reduced by incubating the membrane in 5% milk in TBST (10 mmol/L Tris at pH 7.4, 0.15 mmol/L NaCI, and 0.1% Tween 20). The membrane was incubated with antiphosphotyrosine 4G10 (0.33 pg/mL in 5% milk in TBST) for 1 hour, washed several times, and then incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000 in 5% milk in TBST). The proteins were visualized using the ECL kit. The amount of phosphorylation of the proteins was measured using a laser densitometer (Molecular Dynamics, Sunnyvale, CA). To verify further that each lane contained the same amount of protein, the nitrocellulose was stained with ponceau S, as described previo~sly.~' As in the PA experiments, neutrophils were stimulated with 5 pmoY L MBP to compensate for the increased cell number required for tyrosine kinase assays.
Sfaristical analysis. Unless otherwise stated, the results of multiple experiments are reported as the mean ? SD. Statistical significance was determined using the Student's two-tailed paired t-test, with a value of P < .05 accepted as significant. (Table  l) , the MBP-stimulated increase in [Ca2+]i was dependent 
RESULTS

Effect of MBP
FMLP
The net changes in [Ca2'li stimulated by 1 pmol/L MBP at 6 minutes and 100 nmol/L FMLP at 10 seconds were determined in fura-2-loaded neutrophils preincubated with or without 5 pg/mL of cytochalasin B for 5 minutes at 37°C. For determination of 0; production. neutrophils were preincubated in the presence or absence of cytochalasin B for 10 minutes before the addition of 1.5 pnol/L MBP or 50 nmol/L FMLP. Net values for 0; are reported after the subtraction of the spontaneous levels, which were less than 3 on pretreatment of the neutrophils with cytochalasin B. In the absence of cytochalasin B, MBP did not stimulate an increase in [Ca"]i above basal levels for up to 30 minutes of incubation (results not shown). In contrast, cytochalasin B treatment significantly enhanced FMLP-induced 0; production, but had no effect on the FMLP-stimulated increase in [Ca2+]i (Table 1) . Because cytochalasin B treatment did not influence MBP-stimulated 0; production, cytochalasin B was omitted from the experimental protocol for MBP stimulation for the remainder of the study. However, pretreatment with cytochalasin B was continued for the positive control FMLP, because the level of 0; production stimulated by MBP in the absence of cytochalasin B approached that stimulated by FMLP in the presence of cytochalasin B.
Effect of pertussis toxin on 0; production. The immediate increase in [Ca"]i stimulated by chemoattractants occurs via a pertussis toxin-sensitive mechanism.34 Thus, the failure of MBP to stimulate an immediate increase in [Ca"]i suggested that MBP-stimulated 0; production is pertussis toxininsensitive. To confirm this hypothesis, the pertussis toxin sensitivity of MBP-induced 0; production was evaluated. Pretreatment of neutrophils with 0.01 to 3.0 pg/mL pertussis toxin for 2 hours at 37°C did not alter 0; production stimulated by 1 pmoVL MBP at any of the concentrations tested (Fig 2) . In contrast, 0; production stimulated by 100 nmol/ L FMLP was inhibited by pertussis toxin in a concentrationdependent manner in the same experiments, with 0.3 p g / d pertussis toxin causing complete inhibition. In these experiments, FMLP-stimulated 0; production was measured in the absence of cytochalasin B. The same concentrations of pertussis toxin also inhibited FMLP-induced 0; production from cytochalasin B-treated neutrophils (data not shown).
Effect of MBP on DRG production. The absence of the immediate increase in [Ca*+]i suggested that MBP activation does not stimulate PLC-mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate into IP, and DAG. To confirm the absence of DAG production and to assess possible formation of alkylacylglycerol via PLC-mediated phosphatidylcholine hydrolysis, diradylglycerol levels (DRG; which include both diacyl and alkylacyl linkages) were measured after incubating the neutrophils with 2 pmol/L MBP for 0 to 30 minutes (Fig 3) . Although MBP stimulated a small but noticeable increase in DRG levels at each of the time points tested, the increases were not statistically different when compared with spontaneous levels of DRG production. In an additional experiment, 4 pmol/L MBP also did not stimulate an increase in DRG levels (data not shown). For phosphatidylation reaction that results in formation of PEt instead of PA in the presence of ethanol."' Thus, to determine if MBP stimulated an increase in PA levels via PLD activation, MBP-induced changes in PA and PEt were measured after 5, 10, 20, and 30 minutes of incubation in the presence and absence of 0.5% ethanol. In the absence of ethanol, MBP stimulated a time-dependent increase in PA levels over the 30-minute incubation period, with a net increase of approximately 90 cpm at 30 minutes (Fig 4A) . MBP-stimulated PEt levels did not differ from spontaneous values in the absence of ethanol. In contrast, in the presence of 0.5% ethanol, MBP stimulated a small but clearly time-dependent increase in PEt, whereas the PA level was increased above spontaneous only at the 30-minute time point (Fig 4B) . Results of four experiments (including the 2 experiments shown in Fig 4) showed that, in the absence of ethanol, MBP stimulated a significant increase (83%) in the level of PA production at 30 minutes, whereas PEt levels were barely detectable (Fig 5A) . In the presence of 0.5% ethanol, MBP stimulated a statistically significant increase (39%) in PEt production at 30 minutes that coincided with a decrease in PA at the same time point (Fig 5A) . In four separate experiments ( Fig  5B) , stimulation of cytochalasin B-treated neutrophils with l pmol/L FMLP for 2 minutes produced a 300% increase in the PA level in the absence of ethanol. The addition of ethanol caused a decrease in the amount of PA produced and a coincident increase in the level of PEt produced by FMLP stimulation (Fig 5B) .
Inhibition of MBP-induced 02-production by genistein. Although not fully defined, tyrosine kinase activation appears to be an integral step in activation of neutrophil respiratory burst activity by a number of stimuli.'s-Z2 The effect of genistein on MBP-stimulated 0; production was evaluated to assess tyrosine kinase involvement in the activation. Preincubation of neutrophils with 0.1 to 100 pmoVL genistein for 10 minutes at 37°C inhibited MBP-induced 0; production in a dose-dependent fashion (Fig 6) . In four experiments, 0; stimulated by 1. Fig 7B) .
In addition, phosphorylation of a 43-kD protein was faintly observed (Fig 7B) . Densitometric analysis of control and MBP-stimulated tyrosine phosphorylation in four experiments (including the results in Fig 7A) showed that the phosphotyrosine content of the 55-and 50-kD proteins increased, relative to control, with time of incubation with MBP, although only the increase in the 55-kD protein at I O minutes was statistically significant (Fig 8) . Phosphorylation of the 53-kD protein was also significantly increased relative to control at 30 seconds and remained essentially unchanged for the remainder of the incubation period. MBP stimulated variable increases in phosphorylation of the 133-kD protein at the early time points (<2 minutes). Extending the incubation time for up to 30 minutes showed similar levels of tyrosine phosphorylation for the individual proteins at 10 and 20 minutes, but the amount of tyrosine phosphorylation then diminished at 30 minutes (Fig 7C) . Similar results were obtained in a second experiment.
Effect of raMBP on tyrosine phosphorylation. To investigate the link between tyrosine phosphorylation and neutrophil activation by MBP, tyrosine phosphorylation was evaluated in neutrophils after incubation for 2, 5 , and 10 minutes with raMBP, which does not stimulate the neutrophil respiratory burst.' Densitometric analysis of the phosphotyrosine content of the 1%. SS-, 5 3 , and 50-kD proteins obtained in three experiments is shown in Fig 9. Incubation with S pmol/L MBP stimulated increases in tyrosine phosphorylation in each of the four proteins over the 2-to IO-minute incubation period. In contrast, 5 pmol/L raMBP stimulated only minimal or no increase in tyrosine phosphorylation relative to control (Fig 9) .
Inhibition of MRP-induced 0; production by calmoclulin antagonists. Calmodulin inhibitors block neutrophil superoxide release,'".." and the calmodulin antagonist W-7 is an effective inhibitor of MBP-induced histamine release from basophils.I4 Thus, three calmodulin antagonists were used to evaluate the participation of calmodulin in the MBP-stimulated 0; production. Calmidazolium, W-7, and W-l2 have reported ICso values of 0.5, 31, and 280 pmol/L, respecti~ely.?".~' In three experiments, preincubating neutrophils for 10 minutes at 37°C with I to 30 pmol/L calmidazolium or W-7 inhibited MBP-induced 0; production up to 7% to 80% (Fig IOA) , whereas preincubation with the same concentrations of W-l2 had no effect. The approximate ICso values for calmidazolium and W-7 were 2 and 20 p,mol/L, respectively. Inhibition of FMLP-stimulated 0; production by IO and 30 pmol/L concentrations of the three calmodulin antagonists was evaluated in the same experiments. The inhibitory effects of calmidazolium, W-7, and W-l2 on FMLPand MBP-stimulated 0; production were similar (Fig 10B) . In additional experiments, preincubation with 0.1 to 30 pmol/L of the Ca"/calmodulin-dependent kinase 11 inhibitor KN-62 did not inhibit 0; production stimulated either by MBP (n = 4) or FMLP (n = 3; data not shown).
DISCUSSION
Three findings presented here indicate that MBP stimulates neutrophil 0; production independently of PLCp-mediated DRG formation. First, MBP at concentrations that are optimal for stimulation of 0; production' does not stimulate the immediate increase in [Ca"]i associated with IP3 formation.'" Second, unlike that stimulated by FMLP, 0; production stimulated by MBP is not inhibited by pertussis toxin treatment. Third, concentrations of MBP that stimulate 0; production do not lead to an increase in DAG, as measured by DRG levels, that is indicative of phosphatidylinositol 4.5-bisphosphate hydrolysis. The lack of an increase in DRG levels also indicates that alkylacylglycerol levels are not increased with MBP stimulation, thus indicating that phosphatidylcholine-specific PLCu is also not activated. There- Time (mid DRG stimulated by PMA but not by MBP (see Fig 3) 35 makes it unlikely that MBP and PMA are acting in a similar fashion. Like MBP, tumor necrosis factor a (TNFa) also stimulates neutrophil 0; production independently of increases in [Caz+]i," and 0,-production stimulated by TNFa is similarly not inhibited by pertussis t0xin.4~ However, the sphingomyelin pathway implicated in activation by TNFa5035' is not involved in MBP-stimulated neutrophils, because no increase in ceramide levels is observed by thin-layer chromatography (M. Haskell, unpublished observation). The apparent requirement for extracellular Ca" in MBP stimulation of neutrophil oxidative burst: together with the failure of MBP to stimulate an increase in [Caz']i, suggests that Ca" may play a role in MBP binding to neutrophils.
The failure of MBP to stimulate a significant increase in DRG levels excludes the possibility that DRG mediates activation of NADPH oxidase. In contrast, MBP stimulates a small but reproducible increase in the PA levels that becomes evident at 10 minutes and continues to increase over time. PA is produced directly by PLD activation and indirectly by PLC-catalyzed DRG formation and subsequent conversion to PA by DRG kinase.'* The indirect pathway can be discounted as the PA source, because MBP does not stimulate significant increases in DRG levels. Instead, the finding that, in the presence of ethanol, MBP stimulates a time-dependent production of PEt concomitant with reduced PA formation indicates that PA is formed by PLD activati~n.~~.'~.'~ The MBP-stimulated increase in PEt is detectable only after stimulation for 20 minutes or longer, but it is possible that PLD activation below the sensitivity of the assay occurs at the earlier time points. In FMLP-stimulated neutrophils, it has been proposed that PA but not DRG is important in activation of NADPH ~xidase.~' Furthermore, PA but not DRG stimulates NADPH oxidase activity in a cell-free ~y s t e m .~~.~' Although the kinetics for PA formation and respiratory burst activity after MBP stimulation6 are similar, the amount of PA generated by MBP stimulation is small in comparison to that stimulated by FMLP in cytochalasin B-treated neutrophils. In contrast, MBP and FMLP (in the presence of cytochalasin B) stimulate similar levels of 0; production. These results suggest that if the low levels of PA stimulated by MBP are biologically relevant, small amounts of PA can contribute to NADPH oxidase activation.
The results presented here identify tyrosine kinase activation as a potential signaling event in the stimulation of neutrophil 0, production by MBP. MBP-stimulated 0; production is inhibited by genistein, although the ICs0 of genistein was 70-fold higher for MBP than for FMLP. Although the possibility that the increased IC50 may reflect nonspecific inhibition of enzymes other than tyrosine kinases cannot be excluded, the difference in ICs0 values may also reflect different signaling pathways for activation of 0; production by MBP and FMLP. Consistent with tyrosine kinase activation, direct analysis of the phosphotyrosine content in neutrophil proteins showed that MBP stimulates increased tyrosine phosphorylation of at least four proteins (133, 55, 53, and 50 kD). The time frame for MBP-stimulated phosphorylation of the proteins varied, but two (55 and 53 kD) of the four proteins were noticeably phosphorylated at 30 seconds, indicating rapid stimulation of tyrosine kinase activity. Increased phosphorylation of the 133-kD protein was also observed at 30 seconds, although the time course for phosphorylation of this protein was more variable. In this study, FMLP stimulated phosphorylation of the 133-, 5 5 , 53-, and 50-kD proteins (see Fig 7B) . FMLP also frequently stimulated, to a lesser degree, phosphorylation of a 43-kD protein, which is presumed to be the 40-to 42-kD protein reported prev i o~s l y~'~'~ and identified as mitogen-activated protein kin a~e . '~ The importance of tyrosine phosphorylation to MBPstimulated 0; production is supported by the finding that raMBP, which does not stimulate 0; production (Moy et a16 and M. Haskell, unpublished observation), also does not stimulate sustained tyrosine phosphorylation.
Like FMLP-stimulated 0; productionz3 and MBP-stimuFor personal use only. on November 16, 2017. by guest www.bloodjournal.org From lated basophil histamine release,'" activation of neutrophil 0; production by MBP is inhibited by calmodulin antagonists. Calmidazolium and W-7 each inhibited 0; release stimulated by MBP up to 80%. In agreement with the reported potencies of the three calmodulin antagoni~ts,4'"~' calmidazolium was approximately one log more potent than W-7, but W-l2 was relatively inactive at the concentrations tested. Of interest, the three calmodulin antagonists inhibited 0; production stimulated by MBP and FMLP to the same extent, suggesting that activation of NADPH oxidase by the two different stimuli each involves a calmodulin-dependent step. The failure of the specific Ca*+/calmodulin kinase I1 inhibitor KN-62'" to block either MBP or FMLP-induced 0; production argues against this kinase as the calmodulindependent step. Although the possibility that MBP stimulates discrete changes in [Ca'+]i within individual neutrophils cannot be excluded, it is intriguing that calmodulin appears to be playing a role in MBP activation of neutrophils independently of an increase in [Ca'']i. PMA-induced 0; production is also inhibited by similar concentrations of W-7,39 suggesting that the calmodulin-dependent step is not dependent on an increase in [Ca"]i. Mutational analysis studies have shown that calmodulin binding and activation of some calmodulin-dependent enzymes can occur in the absence of Ca2+.61 In addition, calmodulin regulates macrophage nitric oxide synthase activity at resting [Ca*+]i."
The finding that MBP does not stimulate "Cr release under conditions optimal for 0, production is in agreement with our previous conclusion' that MBP activates neutrophils by a noncytotoxic action. As such, these results reaffirm the findings with neutrophils and other inflammatory cell^^^'"^^^ that the biologic activities of MBP do not derive solely from the reported cytotoxicity of the molecule. Indeed, the results presented here indicate that MBP activates neutrophil 0, production via a tyrosine kinase and calmodulin-dependent signaling pathway(s). Results of preliminary experiments showing that neither genistein nor W-7 inhibits MBP-induced PA formation indicate that, if the low level of PLDmediated PA formation contributes to the activation by MBP, the PLD activation occurs upstream of the tyrosine kinase and calmodulin-dependent events. Of greater interest is the finding that activation of the neutrophil respiratory burst by MBP shares a calmodulin-dependent step(s) in common with activation by FMLP or PMA.2'.3' Although a possible relationship between the tyrosine kinase and calmodulin-dependent events cannot be determined from the present results, it is intriguing to speculate that, for MBP, the required calmodulin-dependent event is reached via a tyrosine kinase activation pathway.
